Abstract -Increasing environmental pollution and the continuous development of new chemicals and drugs has led to ever growing concern about the potential effects of these compounds directly or indirectly on human health. As concerns water pollution, protozoa seem to be an excellent tool to assess both toxicity and pollution: they are regarded as biological indicators of pollution when their presence or absence can be related to particular environmental conditions, and they are considered test organisms when a species or population is used to evaluate the toxicity of relevant toxic compounds. Thus, an integrated approach is being developed to assess how toxic compounds affect the different biological levels of organisation -from the community level to the species level -of ciliated protozoa. The present paper reports and discusses the current state of the art of this approach. 
Introduction
The mechanisms by which toxicants affect organisms can be assessed in two major ways: by observing the cytological and physiological characteristics in a single population with the ultimate goal of constructing a life table ( figure 1) and by studying the consequences of the toxicant in the maintenance of several populations within a community.
A microbiological community of activated sludge
In recent years, the presence of toxicants in the aquatic environment has become a common occurrence. Originating mainly from industrial sewage, they reduce the efficiency of biological wastewater treatments due to intoxication phenomena. Heavy metals are toxic to most microorganisms even at moderate concentrations, but the mechanisms by which they affect the biological systems are not well defined. Though the general response of biological wastewater treatment systems to varying concentrations of heavy metals is well documented, only in the * Correspondence and reprints. E-mail address: nelson@iec.uminho.pt (N. Lima).
last few years have investigators became aware of the influence that this class of pollutants may have upon activated sludge microfauna [1, 3, 9 -11, 14, 18 -21, 36] . Different organisms can present varying sensitivities to chemicals; moreover, the sensitivity of a single species may vary from one toxicant to another. This means that a model of action of a set of chemicals found for one species can hardly be applied to another one. However, the toxicity of a chemical or set of chemicals in terms of depletion of both organisms and species can be demonstrated by testing the whole microfauna community inhabiting the activated sludge [21] .
Activated sludge treatment processes are based on formation of bacterial aggregates and other associated organisms which may be easily separated from the effluent in sedimentation tanks. Ciliated protozoa often reach densities of about 10 7 cells L −1 in the aeration tank [18, 19] and play an essential role in the purification process by removing, through grazing, the majority of dispersed bacteria, which would cause high turbidity in the final effluent. They are very sensitive to environmental variations and, furthermore, it is recognised that changes in the protozoan community may affect the whole food web of these artificial ecosystems, thus affecting the biological performance of wastewater treatment plants; the structure of the protozoan community is therefore an indicator of the operating conditions of the plants [5, 16, 18 -21, 26, 36] .
Most ciliates present in biological wastewater treatment plants feed, via filtration processes, upon dispersed populations of bacteria and can be divided into three main groups according to their feeding behaviour [19] : free swimmers, which swim in the sludge liquid fraction and remain in suspension in the sedimentation tank; attached ciliates, which are attached to the bacterial aggregates and settle in the sedimentation tank; and crawlers, which live in the floc surface and also settle in the sedimentation tank. A population of organisms associated with the flocs are at great advantage compared to those which swim freely in the liquid fraction and thus can be washed out of the system through the effluent. Furthermore, free swimming and attached ciliates are food competitors for dispersed bacteria whereas the crawling ciliates, with a "ventral mouth", feed on the lightly adherent bacteria of the floc surface [19] , living in an exclusive ecological niche. In healthy established activated sludge, the latter are therefore prevalent.
In this context, Madoni [19] suggested the use of the Sludge Biotic Index (SBI) based on the abundance and diversity of the protozoan community in the activated sludge of the aeration tank and on the differing sensitivities revealed, by some of the microfauna groups to physicochemical and operational factors prevailing in the system. The SBI may range from 0, indicating the worst condition, to 10, indicating the most favorable condition. Numerical evaluation allows for the comparison of different sludges or of sludge biological quality through time, and is based on the relationship occurring between the structure of the microfauna and the operating conditions and performance of the studied plant.
Effects of toxicants on the protozoan community
To study the influence of toxicants on the microfauna community, two experimental wastewater plants ( figure 2) were exposed to several copper concentrations in order to provide better understanding of the protozoa community evolution along with the performance of the treatment plant. A first set of assays was carried on with synthetic sewage; then the assays were repeated with real sewage, enabling the comparison of results.
This study led to similar conclusions for both experiments (submitted for publication): 1) copper affects the efficiency of the activated sludge process, but also affects the sludge microfauna and the two effects may be related, in light of current knowledge of the importance of the microfauna in activated sludge processes; the structure of microfauna was affected by changing both species dominance and density; 2) high concentrations of copper strongly affected the microfauna community, but recovery occurred without any special measures, in the range of concentrations tested. Sludge efficiency in removing dissolved organic matter was also affected, but recovered even sooner than the microfauna. This corroborates the idea that both sludge bacteria and protozoa are able to survive in the presence of heavy metals, namely copper, and this highlights the possibility that purification can proceed even when additional amounts of copper are entering the system: however, heavy metals are likely to bioaccumulate -in sludge, in this particular case -and sludge is often used in the amendment of agricultural soils; 3) low concentrations of copper seem to have a stimulatory effect, not only on the removal efficiency of COD (chemical oxygen demand), but also on the growth of some species, namely the crawling forms. Acineria uncinata and Aspidisca cicada, in our study, showed a remarkable tolerance to low concentrations of copper in the assays with synthetic and real sewage, respectively. Other authors have mentioned the occurrence of A. cicada in these situations [1, 21, 36] . Crawling forms are in general considered useful indicators of good quality of water treatment [18, 19] , but these results indicate that the concept must not be generalised whenever there is a risk of contamination by heavy metals. On the other hand, Opercularia sp. seems to be exceptionally tolerant to copper, emphasising the well documented resistance of these species to stressful environmental conditions; they are particularly frequent in plants receiving industrial waste containing toxic substances [14] and show a close association with poor quality of the activated sludge [19] ; 4) results were comparable in the two experiments, i.e. with synthetic and real sewage, despite the problems due to the uncontrolled variability of real sewage and the gradual supremacy of carnivores occurring when synthetic sewage was supplied; 5) the sludge biotic index (SBI) closely reflected the efficiency of biological treatment, even considering the above limitations.
Image analysis contribution to protozoan identification
About 230 species of protozoa have been identified in the wastewater treatment plants: 33 flagellates, 25 rhizopodi, 6 actinopodi and 160 ciliates [19] . Fortunately, only a small number of them occur frequently and most are cosmopolitan species present throughout the world [17, 18, 36, 43] . Two of the major drawbacks to using protozoa for wastewater treatment diagnosis are the need for skilled workers in protozoology and the time it takes to be carried out. Image analysis is currently a well-established complement of optical and electronic microscopy. It allows for routine classification and quantification of microorganisms in an automated and nonsubjective manner. The most common applications are as diverse as the enumeration of bacteria in solid foods, in situ microscopy for online fermentation monitoring and texture analysis of colonies [39] . With the exponential increase in the processing capabilities of computers as well as their price reduction, image analysis has become a routine in cellular technology studies. A program was created to semiautomatically analyse protozoan digitised images. A principal component analysis technique was explored for species identification [2] . In that work, the morphology of the main protozoan species present in waste-water treatment plants was analysed in terms of several mathematical morphology parameters in order to identify different protozoa groups. After data collection and mathematical treatment a three-dimensional representation was generated and several protozoa species could be completely separated from the others. To our knowledge, this work is the first contribution towards completely automatic analysis of the protozoan community present in activated sludge and may be of considerable interest, especially in the case of well-established sludge, rendering the timeconsuming monitoring of a well-documented community a much easier task. However, an expert team will always be needed to validate the quality and feasibility of the results, as well as to overcome the problems that computation cannot solve, such as differentiation of similar species.
Toxicological studies using ciliated protozoa as test organisms
Over recent years, much research has been carried out on the toxicity of various relevant toxic compounds in a series of biotests using several test organisms. The appeal of these tests lies in their simplicity and high degree of reproducibility. However, test organisms for assessing environmental risk and impact must possess a number of desirable features: they must be eukaryotic, their biology and general responses must be well known, laboratory handling must be relatively easy and a short generation time is desirable whenever studies of long-term effects are necessary [29] . Ciliated protozoa fulfill all these requirements. Furthermore, as they have wide distribution and ecological significance, performing key functions in energy flow and elementary cycling in aquatic food webs, they can be ideal early-warning indicators of aquatic ecosystem deterioration [38] . Recently, the use of ciliates in toxicological tests has been investigated and their potential in standard bioassays has been demonstrated in aquatic environments [15, 30] and elsewhere [4] .
The ciliated T. pyriformis was for more than four decades the organism of choice in analyses, evaluation of protein quality and determination of effects of several toxic substances. Moreover, it was the first protozoon to be cultivated axenically, i.e., in a standard medium, free from bacteria or other organisms, making it a suitable model cell system, since the addition of a compound is, in principle, the only change in culture conditions.
Toxicological assays with T. pyriformis
The sensitivity of protozoa to environmental changes suggested a study on the physiological responses arising from exposure to toxic compounds. In the literature, reports exist which are devoted to separate studies of growth, mortality, grazing or biochemical changes of protozoa, namely T. pyriformis, in the presence of toxicants [6, 7, 24, 28, 31, 33, 40] . An integrated approach searching for interactions between these parameters was missing. In our conceptual framework presented in figure 1 , these parameters were considered in order to collect data at the species level. Consequently, growth, viability/mortality, grazing ability, ATP (adenosine-5 -triphosphate) content, ACP (acid phosphatase) activity and MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) reduction were evaluated simultaneously in a series of miniaturised assays using axenic cultures of T. pyriformis [6, 7, 26] . The final goal of this approach was to collect data in order to compare the physiological response patterns of the protozoa to different toxic compounds. The toxicants used were copper (as dihydrated copper choride), zinc (as zinc chloride), Triton X-100 and cycloheximide.
Results are with reference to soluble concentrations, in the case of heavy metals, since most metal ions suffer from binding effects due to the organic matter of the culture medium. Soluble concentrations of heavy metals were obtained after dialysis of the PPY medium through a cellulose membrane of 3500 D (molecular weight cut-off). For each concentration, two replicates of 10 mL were subjected to dialysis for 24 h in 5 L of deionised tap water with 0.02 g L −1 of sodium azide, at 20 ± 1 • C. This water was renewed three times, after which both copper and zinc remaining in the medium were determined by photometric Merck spectroquant methods, after acid digestion with nitric acid (65%). This was considered to be the amount of metal bound to the dissolved organic matter, allowing determination of the true bioavailable fraction of each metal. Less than 1% of total protein was lost during dialysis. Protein was determined by the Sigma microprotein determination method, based on the Biuret and Lowry procedures.
Prior to the toxicity assays, a control assay was performed to investigate the influence of the chloride ion present in copper and zinc assays using sodium chloride. No effect was detected in terms of growth, mortality or grazing ability at the chloride concentrations of the metal assays.
Physiological toxicological assays
Growth and mortality assays were carried out simultaneously. Grazing assays used fluorescent labelled latex beads of 0.5 µm diameter ( figure 3) , assuming that ciliates do not discriminate between different particles on the basis of properties other than size and shape [37] . Table I shows results of all toxicological assays after 48 h, except for the grazing assay which was accomplished in 20 min. Data indicate that zinc was more toxic than copper for T. pyriformis in the tested conditions, in contrast to other studies in which copper was systematically considered more toxic than zinc to protozoa [20, 21] , to bacterial communities of activated-sludge or even to algae. Madoni et al. [20] define the sequence Cu > Hg > Cd > Pb > Cr > Zn to order the toxicity of heavy metals for a series of species of protozoa taken from a community of activated sludge tested in vitro and not fed during the tests. They define a slightly different sequence for the toxicity of metals to a community of protozoa studied as a whole under field conditions: Cd, Cu > Pb > Zn > Cr [21] . In the present study, T. pyriformis was cultured as the sole species in a nutrientrich medium and the tests were performed under the same conditions, without additional stress from starvation, competition for food or change of environmental conditions. This may partially explain the strong differences in the concentrations that proved to be toxic to the organisms involved. Protection of organic growth medium against the toxic effects of heavy metals on Tetrahymena is ascribed to the binding or chelating of heavy metals to organic compounds, thus leaving little in the ionic form [29 -31, 38] . Would this explain the initial difference in the concentration of copper tolerated by cells in the presence and absence of organic matter? Results of dosing after dialysis seem to indicate that this may not be the only cause and that toxicity will also depend on the physiological state of the organisms. Nilsson [28] reports that cells forming granules are resistant to higher concentrations of copper and states that these granules can be regarded as structures involved in detoxification and metal ion regulation. In the present experiment, granules were not initially looked for, and confirmation of this detoxification mechanism cannot be given. Madoni et al. [21] of zinc for protozoa in an activated sludge community. These values were even lower for cell suspension protozoa, as they are unfed. In the present study LC 50 was not determined but mortality of around 50% in 24 h was determined for much higher values, e.g. above 200 mg L −1 copper or 45 mg L −1 zinc. Yamaguchi et al. [42] observe complete inhibition of growth of T. pyriformis in axenic cultures at 1 mM copper (approximately 63.5 mg L −1 ). In the present study, this value occurred at 275 mg L −1 , though at a concentration of 145 mg L −1 , growth was reduced. In contrast, Piccinni et al. [31] observed no effect on growth following addition of copper to axenic cultures of T. pyriformis at a concentration of 10 mg L −1 . Nilsson [28] states that the addition of 100 mg L −1 copper (nominal concentration) to the normal 2% proteose peptone medium is tolerated by Tetrahymena and stimulates phagocytosis; cell proliferation is observed to resume after a lag period, but at a decreased rate. These results are in accordance with those of the present work.
Studies on the influence of different toxicants on the grazing capacity of ciliates have not been recently carried out, but some authors state that heavy metals at low concentrations may stimulate grazing [28, 40] , which, in our study, is supported for copper but not for zinc (table I) . Additional assays were made to test the possible influence of lower concentrations of zinc on grazing, but at 25.0 and 12.5 mg L −1 , no stimulation of grazing was observed. As a surfactant, Triton X-100 disrupts all cell membranes above a certain concentration. There are no other studies available on the toxicity of surfactants on T. pyriformis or on other ciliates, with which the results of exposure to Triton X-100 can be compared.
Cycloheximide, an antibiotic that inhibits protein synthesis, did not cause mortality but inhibited the growth and the grazing capacity of T. pyriformis.
Biochemical toxicological assays
Assays of ATP content have been widely used to characterise biomass viability [13] and to detect potential spoilage microorganisms in the beer and food industry [8, 12] , assuming that it is possible to use the concentration of ATP to measure the viable cells of a certain species. In the work mentioned above, ATP content was determined to give information about the general energetic state of the culture when submitted to the toxicants.
Previous works have been devoted to studying the ACP activity of other hydrolases to detect digestive activity in protozoa [22, 32, 34, 35, 41] , since there is an intimate relationship between lysosomal function and intracellular digestion in Tetrahymena and other ciliates. In the referred work, ACP activity was used as an indicator of the metabolic state of the cultures, namely of the intracellular digestive function.
Colorimetric assays based on tetrazolium dye reduction, like MTT, have been extensively used in the in vitro evaluation of cellular proliferation and cytotoxicity as well as screening for additives, mycotoxins or anticancer drugs. The MTT assay is a quantitative method that consists of metabolic reduction of the tetrazolium dye, a group of water-soluble quaternary ammonium compounds, by dehydrogenases of viable immobilised or suspended cells. Production of intensely coloured formazan water-insoluble crystals is the result of the tetrazolium reduction assay. Formazan crystals can be either observed microscopically in the cell cytoplasm or extracted and dissolved with organic solvents, such as DMSO, enabling spectrophotometric quantification [25] .
Suspended cells in culture do not adhere to the bottom of the well, leading to a loss of cells during the medium removal step, and further reading is impaired. To overcome this limitation, a modification of the tetrazolium-based MTT assay was implemented, enabling the innovative application of this method to free-swimming protozoa [7] .
The results of assays on ATP content, ACP activity and MTT reduction are also shown in table I. In most cases, increasing concentrations of toxicants caused increasing inhibition of the physiological responses of T. pyriformis, but in some cases toxicants caused stimulation of ATP content or ACP activity.
Zinc and Triton X-100 affected T. pyriformis negatively, and significant values of Kendall's coefficient of correlation between the ACP activity and ATP content indicate that zinc and Triton X-100 similarly affect these two parameters in the range of concentrations assayed. A positive correlation between these two parameters was expected: energy is needed for phagocytosis of food particles, anabolism, synthesis of enzymes and the activity of these enzymes. MTT is also inhibited by all assayed concentrations of Triton X-100 and zinc.
Copper, in contrast, decreased MTT reduction and ATP content at all assayed concentrations, but some concentrations stimulated ACP activity. All but one were also the concentrations that stimulated grazing activity in the previous study [26] . This coincidence is quite satisfying since ACP activity reflects lysosomal function and thus intracellular digestion in ciliated protozoa: they ingest food molecules endocytically from the environment in membrane-limited vacuoles (food-vacuoles or phagosomes); after ingestion, the latter are fused with one or more lysosomes and the hydrolytic enzymes of the latter then digest the content of the newly formed phagolysosome. Small molecular weight products of digestion can then pass through the membrane of the phagolysosome and be utilised by the cell. Surprisingly, there was a decrease in ATP content at these three concentrations, meaning that there was a lower energy level available for increased grazing and ACP activities. The study of longer exposure times would be of great interest for determining the long-term consequences of ATP content decrease on cellular functions, such as grazing and ACP activity.
Finally, in the cycloheximide assay, ATP and MTT were stimulated by the lowest concentrations and were virtually unaffected by others, but there is clearly a more complex set of influences in the case of ACP activity, perhaps including the disposable energy amount and some related energy-dependent functions such as enzyme synthesis, enzyme activity and even grazing itself. The fact that cycloheximide is a toxicant toward eukaryotic organisms by inhibiting protein synthesis at the 80S but not at the 70S ribosomes, makes interpretation of data difficult, especially at lower concentrations where toxic effects are not as drastic.
New approaches to the determination of viability and death in toxicological assays
Population growth impairment is the most frequently used sublethal toxic endpoint [23] . A growth/ mortality bioassay using microscopic observation of morphological changes at low magnification is a simple reproducible technique that does not require technical expertise or operational expenses [26] . Nevertheless, some limitations detected in such an assay can make it unsuitable with several toxicants. Recognising dead cells was sometimes ambiguous, since nonmotile cells as well as altered shape cells were counted as dead cells. It was found that light microscopy observations underestimated the true number of viable cells, i.e. false-negative counting, since several abnormal cells were not in fact dead. Indeed, they recovered their normal shape immediately after toxicant removal and began growing in the recovery assay. As verified, Triton X-100 is a detergent that has reversible effects at concentrations under 100 mg/L, if cells are removed immediately after contact with the toxicant. Agents such ethidium bromide [24] and dimethyl sulphoxide [27] were reported to alter the morphology of Tetrahymena sp. with reversible effects, with the cells able to grow after toxicant removal. On the other hand, when using another toxicant such as copper, light microscopy observations provided overestimated or false-positive counting as, when transferred to dilute medium, cells treated with some concentrations of copper and considered alive did not grow in the recovery assays, showing they were nonviable.
A novel cellular cytotoxicity assay using two fluorescent dyes was developed as an alternative method to standard direct counting of viable protozoa under light microscopy. The compound calcein/AM is a nonfluorescent substance that diffuses passively into cells and is converted by intracellular esterases to green fluorescent calcein in viable cells. EthD-1, that binds to DNA-stained red dead cells, was also added. These dyes were used to assess the viability of the ciliated protozoa T. pyriformis after exposure to Triton X-100 and copper at several concentrations ( figure 4) . In a shorter time exposure, less than 1 h of contact with the toxicants at sublethal concentrations, the fluorescent method proved to be more sensitive and provided more accurate results than direct counting under light microscopy. With increasing exposure time, the results obtained for both methods were similar. However, fluorescent methods provide new opportunities for using advanced techniques, such as flow cytometry or image analysis, to assess cytotoxicity in protozoa.
Conclusions
Protozoa have proven to be excellent tools for assessessing the occurrence of pollution during wastewater biological treatment, along with its role in the control of pollution itself, through the grazing of dispersed bacteria and maintenance of a healthy trophic web in those artificial ecosystems. The protozoan community in the aeration tank of activated sludge plants remains an innovative and useful instrument to monitor biological wastewater treatment. More studies on this subject, aimed at collecting data and comparing the effects of toxicants on this community, will be of great interest and should make the protozoa a better tool in the monitoring of these processes.
The use of protozoa as actual test organisms was validated as well. Conventional toxicological assays are often slow and labour-intensive, and become impractical when many compounds and/or concentrations are being tested rapidly. This has led to a greater interest in colorimetric and fluorimetric assays that can be miniaturised in 96-well microtitre plates and assessed using an ELISA spectrophotometric microtitre plate reader [23] . In this respect, the ATP content, ACP activity and MTT reduction assays and the use of protozoa seem to be excellent options: they allow for simultaneous tests of different toxicants at various concentrations and even in this case are rapid and easy to carry out. ATP content, ACP activity and MTT reduction assays may be good alternatives to conventional toxicological tests using suspension cultures -since they are based on growth or mortality. The grazing activity test is by far the least labour-intensive and time-consuming, even when studies of mortality and/or growth of protozoa are involved. They do not require technical expertise or operational expenses that are needed in bioassays carried out by regulatory agencies at higher trophic levels such as in fish.
The results obtained should encourage further research on possible response patterns to other toxic compounds. Furthermore, this study may be enlarged to other significant protozoa present in activated sludge.
